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ABSTRACT
Determination of Mass Excavation 
Haul Distance and Direction 
by Linear Optimization
by
Donald Scott Myers
Dr. Jaeho Son, Examination Committee Chair 
Assistant Professor o f  Construction Management 
University o f  Nevada, Las Vegas
This thesis develops a two-dimensional grid system for the determination o f the haul 
distance and direction to haul the soil on a mass excavation project using linear 
optimization programming methodology. The system generates a mathematical solution 
for the minimum haul distance and the direction in which to haul the soil for each unit of 
the program grid when formulated with the proper input. The necessary inputs are the 
calculated cut and fill quantities for each cell o f an X - Y coordinate grid system.
The mathematical outputs from the cut and fill inputs are converted into a vector drawing 
indicating the quantity o f cut to be hauled to each fill cell o f the grid system and the 
vectored length o f that haul. Simulations o f the optimum haul distances are run to 
determine costs at optimum production.
lU
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CBL\PTER1
INTRODUCTION
The purpose o f this thesis is to develop and demonstrate the use o f a two- 
dimensional grid cell system. This grid system will determine the shortest possible 
distance and direction in which to haul soil on a mass excavation project to achieve the 
mass excavation’s final plan design. Presently, there are no formal methods developed to 
determine the minimum haul distance or direction to haul the soil on a mass excavation 
project. On most mass grading projects, such a determination is simply the product of an 
intuitive guess. Thus, the earthmoving industry needs a comprehensive method for 
determining the minimum haul distance and direction in which to haul soil on mass 
earthmoving projects.
The information derived from this system can be useful in the proper selection of 
equipment for use on the grading o f housing tracts, golf courses, and large regional 
shopping centers - a small segment of the earthmoving industry as a whole, but a very 
important one. The developed model can be used on any type of mass excavation project 
where the distance and dnection o f the excavation quantities are in question.
When coupled with computerized earthwork quantities, soil classifications, and 
equipment simulations o f the excavation, transportation, and placement, the final cost of 
moving the soil is subject only to variations in the indeterminate costs o f operator skills, 
equipment down time, and the weather. Although operator skills, down time, and the 
weather are still indeterminate foctors m the determination o f earthwork costs, the
1
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direction and minimum haul route on a typical mass excavation project with many large 
cuts and fills can now be accurately determined using this grid system.
Earthwork estimators currently use graphical software programs: to determine the 
exact quantity of cut and fill on a project and their centers o f mass. Most earthwork 
software programs develop a center of mass report for the cut or fill areas. The centers o f 
mass are shown on a graphical printout o f the earthwork calculations along with their cut 
and fill quantity. However, the estimator can only make an educated guess with this 
information as to the actual minimum haul distance and direction to haul the soil.
First, the estimator examines the earthwork software printout of the plan’s final 
design elevations. The earthwork program usually prints the cuts in red and the fills in 
blue on the printout, but some of the programs are set up to print a variety of colors in 
various shades of the rainbow. From these colored graphics, it is usually very easy to 
visually determine the major cut and fill areas on the printout. The estimator can then 
scale the distance from the major cut area to the major fill area. Doing so gives the 
estimator a rough idea as to which direction to haul the soil and how for he needs to haul 
it. In most cases, he can determine an approximate cost.
All o f the center of mass distances can be added up and an average haul distance 
computed, but this does not give you the shortest haul distance or the direction of the 
haul. The final earthwork cut and fill calculations can also be divided into smaller areas, 
but this creates an additional problem o f finding the shortest haul distance and direction 
for each o f  these segments. Engineers are reluctant to use such complex and time- 
consuming procedures to determine the shortest haul distance and direction to haul the 
soil on a project when there are so many other foctors that can affect the cost o f  a project.
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Whh advances in technology, specifically computer technology, some of the more 
complex earthworks estimating problems of the past are now easily resolved. For 
example, it would typically take days for a highly skilled technician to manually compute 
the cut and fill quantities for a large earthmoving project. Now, with the use of new 
earthwork graphics software, such quantities can be determined in a matter of hours
When estimating cut and fill quantities on a mass earthmoving project, one must 
consider numerous foctors that can affect the final cost.
•  Such fectors include the density and moisture content of a soil, which is now 
determined in a matter of seconds with the help o f a nuclear density gage.
• The Caterpillar Performance Handbook is an effective resource for the 
determination of equipment production rates, loading times, push cycles, and 
ripping costs for various types o f equipment. (Caterpillar, 1997)
•  Swell, shrinkage, and subsidence factors are easily calculated from the 
information furnished in a project’s soil report.
All o f  these new techniques and methods have contributed to reducing the overall cost 
o f earthwork. By developing new methods or better techniques, these never-ending cost 
increases can be minimized. Even the smallest improvement in a construction method or 
technique will help the overall cost of construction, and thus, slow the never-ending 
upward spiral. When quantities o f soil are transported to a final destination over a certain 
distance, costs are involved. These standard costs are classified as follows:
•  Excavation of the soil
•  Transportation o f the soil
•  Compacting the soft in it final position
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These costs are contingent upon the soil’s properties, the haul distance, and the type 
o f equipment used. Christian and Caldera, civil engineering professors at the University 
o f Toronto in Canada, wrote an article published in the December issue o f the 1988 
American Society of Civil Engineering Journal. In this article they stated, 'Tf the final 
haul distances and the directions o f current earthwork estimates are scrutinized, it would 
be realized that most earthwork estimates have been carried out on an ad hoc basis and 
the optimum solution was never found.”
However, with the grid system developed in Chapter Four of this thesis, the optimum 
solution can now be easily determined. Computer programs have not only come a long 
way in the area of earthwork estimating, but also m the area of mathematics. With a 
mathematical grid system formatted for linear optimization, an estimator can quickly 
determine the direction in which to haul the soil and the minimum haul distance on a 
earthwork (mass grading) project. L. Schrage, Professor o f Economics at Purdue 
University, developed a linear program called LINDO (Linear Interactive Discrete 
Optimization) in 1982. This program has the capability o f  solving linear equations with 
an almost unlimited amount of unknowns in a matter o f seconds.
Using this Unear optimization program solution, the estimator can design a detailed 
vector drawing indicating the amount of soil to be hauled to each grid location. Once 
complete, the vector/arrow diagram simplifies a number o f  complex details and can be 
used by a project foremen or equipment operator in the field. This diagram will define 
the amount o f soil to excavate and graphically illustrate the haul distance and the 
direction to haul the soiL With the information derived from the optimization program 
and the vector diagram, the optimum type o f  excavation equipment can be determined. 
Based on the confuted haul distance, the estimator can refer to the Caterpillar
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Performance Handbook and determine which type o f equipment is best suited to haul soil 
the distances shown on the vector diagram.
The estimator can also run simulations o f the equipment he has selected on a Micro- 
Cyclone simulator (Halpin, 1990) to determine how many pieces of equipment will be 
required for an optimum production rate at the various haul distances.
In 1990, Halpin developed a system and syntax to list the equipment resources used 
in a production cycle and then nm this cycle a specified number of cycles to determine 
the actual cost. By setting time perimeters for the various functions of the cycle, the 
actual cycle time can be estimated vary accurately including waiting time queues. This 
simulator, when properly programmed, will determine the optimum number of resources 
to use for a given haul distance, and if cost loaded, the optimum cost of the earthwork.
With the earthwork quantities from the earthwork program, the haul distance 
calculations from the optimization program, and the equipment simulations from the 
simulator program a foirly accurate minimum cost o f an earthwork project can now be 
determined. How close the project foreman is capable o f coming to these optimum 
values is a measure of his ability to follow the diagram and simulation data in the field.
In Chapter Two, development o f the system will begin by reviewing a substantial 
amount o f the literature that is available on this subject in research papers, journals, and 
on the Internet.
In Chapter Three, after drawing some preliminary conclusions from the mass of 
ideas discussed in the review literature, the mathematical equations for implementing this 
new system are developed using a linear optimization program methodology. A 
mathematical grid system is developed and the needed information to formulate the 
program constraints will be defined, along with the mathematical output o f the system.
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Chapter Four employs the newly developed data in an example o f how the program 
works. The program is demonstrated with an actual project, showing the input, output, 
and its use in developing an earthwork diagram. The example takes an actual project 
through all operations and then develops a vector haul diagram for field use.
The development of the haul diagram showing the amount o f soil to be haul to each 
location is possibly one of the most important aspects o f this chapter. The diagram 
graphically represents the amount o f soU hauled to each location, the distance the soil is 
hauled, and the actual direction o f the haul. In Chapter Five, this information is used for 
the choice o f equipment and then the chosen equipment is used in a Micro-Cyclone 
equipment simulation program to develop optimum costs for each haul distance and a 
final cost for the project. Chapter six summarizes the process and its usefulness to the 
industry, and also suggests some futures areas o f research.
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CHAPTER 2 
REVIEW OF RELATED LITERATURE 
After extensive research in Civil and Construction Management Journals, the library, 
and on the Internet, some excellent research papers were found in the American Society 
o f Civil Engineer’s Journals that pertained to this thesis. After reviewing these journals, 
several published articles (papers) were directly relating to this thesis. Although these 
papers did not refer to two-dimensional systems and gave no haul direction, they were 
fully developed papers on single dimension linear programming for mass roadway haul 
diagrams, and as such, I would be able to use this information in developing a two- 
dimensional system.
Said M. Easa, (1988) wrote the first paper reviewed. This paper detailed a linear 
optimization program for roadway construction costs and roadway mass-haul diagrams. 
His work, proves that linear programming and quadratic programming works on roadway 
construction projects and leads to a lower overall production cost by eliminating some of 
the “guess work.”
Easa’s work entailed a method for calculating station-to-station earthmoving haul
distances along a roadway’s single profile length to determine the shortest possible haul
distance. Easa’s research concentrates on using (or constructing) barrow pits and waste
areas in conjunction with the design of the roadway mass-haul diagrams so that if the
haul exceeded a certain length, a borrow pit or waste she was developed. He
implemented equipment optimizations to reduce the overall construction costs and
7
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developed detailed linear programs for determining the minimum haul distances on a 
mass-haul diagram (profile).
Easa also developed a quadratic program model for the determination of purchasing 
and excavation costs associated with borrow pits. Easa states in his paper that the globe 
minimum costs can be guaranteed if unit costs are linear. Furthermore, he states that the 
use of linear programming is more cost effective than other methods currently in use. 
Unfortunately he only developed his work for station to station mass excavation haul 
distances on roadways, and did not develop a two- dimensional system.
Christian and Caldera, (1988) also published a paper that developed a method for 
optimizing earthwork operations that included several barrow pits or waste areas. They 
demonstrated through example that the entire cost of moving soil from one roadway 
(profile) location to another, including compaction, can be included in an optimization 
program. Through their research, Christian and Caldera were able to develop a very 
complex version of a roadway optimization program by dividing large mass-diagram cut 
and fill sections into incremem areas to determine the change in haul distance as the cut 
sections were excavated. Their linear programming model determines the haul distance, 
but applied it only to a single dimension roadway profile.
Jayawardane and Harris, (1990) professors at the University o f Moratuwa and 
London respectively combined forces and published a paper that complimented existing 
research on roadway construction. They developed a programming model comparing 
alternate equipment spreads for providing optimum material distribution and completion 
schedules.
Jayawardane, later joined forces with Price, a professor o f civil engineering at the 
University o f London, to develop a quadratic programming method for determining
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roadway excavation costs, including various equipment spreads, sequence o f operations, 
compaction costs, and completion times. Their research addressed the improvement of 
traditional roadway mass-haul diagrams, optimum equipment spreads, and a project’s 
completion-time using linear optimization. Jayawardane and Price, (1994) stated that 
their program overcame the issue o f cost over-estimations using indeterminate methods 
supported only by intuition and experience.
It is quite obvious the calculations and formulas required to implement an effective 
linear optimization program in the past require long and tedious hours of input by highly 
trained technicians because of the hundreds o f unknowns. With the development of new 
computer software programs, this type o f input can now be accomplished in a matter of 
minutes. Linear program, when coupled with contemporary computer programs, can now 
generate solutions for thousands of unknowns.
The linear program used for this thesis is call LINDO (Scharge, 1992) and has the 
capability o f solving an unlimited amount o f unknowns in seconds. Scharge has 
published a user’s manual for developing different model format and constraint which 
was useful in developing this thesis.
Also of interest to my research was the Micro-Cyclone simulation program (Halpin,
1990). This program develops optimum cost and cycle time when programmed with the 
proper input. By developing a schematic o f the equipment cycles, the optimum cost and 
maximum production can be determined for each o f the minimum haul distances develop 
from the linear program. The Micro Cyclone program can run a number o f different 
reports by varying the equipment cycle times, and pieces o f equipment.
Research was also performed on the various types o f software used to determine the 
cut and fill quantities needed for this program. There are about eight different programs
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available. I have actual experience using two o f the most popular programs. The 
programs are basically all the same; they divide the grading plan into very small regions 
and then determine the volume o f each one o f these regions by using the elevation 
difference between the original ground and the proposed design.
All equipment manufactures publish production manuals by which the production 
rate of their equipment can be determined. The Caterpillar Handbook was used for this 
thesis to determine type o f equipment to use, the haul times, and production rates. 
(Caterpillar, 1997)
Over six months was spent researching the Internet and libraries for information on 
the subjects of this thesis. All o f the known earthwork and linear optimization programs 
were reviewed to see if any had developed a program to determine distance and direction. 
The nearest concept was the “center of mass concept” which does not determine the 
shortest hauls or direction. During this research all publications pertaining to earthwork 
optimization were subscribed to and reviewed. These published papers discuss the 
optimization of profile (single- dimensional) drawings. This thesis is for a two- 
dimensional linear optimization program. There was no research founded that pertained 
to two-dimensional linear optimization.
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CHAPTER 3 
METHODOLOGY 
Eagle Point, Micro-Stations, and Trimble (Pay-Dirt) are just a few o f the 
commercial earthwork computer programs available for calculating earthwork quantities. 
They are all “user friendly” programs and produce very accurate cut and fill quantity 
reports. One can be trained to use one o f these programs in a matter o f hours. Estimators 
can now do in hours what used to take weeks using manual average end-area 
computations and plotted cross sections.
To accurately estimate the earthwork costs on a construction project, a number o f 
important factors must be determined. When developing an earthwork estimate, an 
estimator will typically address three major areas o f concern:
•  What is the required excavation quantity?
At least eight commercial estimating programs exist on the market today. All of which can 
precisely calculate earthwork quantities.
•  What type o f equipment is required to move the excavated material?
Caterpillar and other equipment manufactures publish handbooks that give performance data 
on all types of construction equipment.
•  What is the requfred haul distance?
The remaining portion of this thesis will outline a linear programming system for the
determination o f the m in im u m  haul distance and direction in which to haul the
excavation on mass earthmovmg projects.
11
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To use this system, the estimator must divide the previously calculated cut and fill 
quantities into sections and insert these sectional quantities into the model’s program in 
the proper format.
The required cut and fill quantities at the various locations, the distance between 
these locations, and the physical properties of the excavated soil are the most important 
factors to consider when developing an earthwork estimate for a project. This model 
takes the previously calculated cut quantities in each cell o f the grid system and assigns 
these cuts to the previously calculated fill cell locations. The system automatically tries 
different combinations of these cuts and fills until it has computed the shortest possible 
distance between these cut locations and their fill destinations. The direction the soil is 
moved in relation to the source is also given in the final solution.
However, there is generally an imbalance between the cut and fill quantities in most 
earthmoving projects. Either the cut volume exceeds the fill volume or the fill volume 
exceeds the cut volume, and there is also a shrinkage or swell to contend with in the 
earthwork calculations. These problems usually require a dummy import and export cell 
to be developed to balance the model’s equations. In an actual situation, the dummy cell 
would represent borrow pits, or waste sites, suitable for increasing or decreasing the 
earthwork quantities.
Once completed, the generated solution can be made into a detailed vector diagram. 
Non-technical personnel can then use this arrow diagram in the field to determine, “how 
much soil to move and in what direction.”
A standard grid-cell model is divided into twelve-cells. See Figure 1.
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Figure I
Even with only twelve-cells, a manual calculation of this drawing is not easy, and 
this manual solution will not always lead to the minimum haul distance. With cut and fill 
located in each cell, there are 144 combinations to contend with. To correct this problem, 
a twelve-cell mathematical algorithm is setup using linear programming syntax with the 
calculated distance between each cell entered into the model’s program. The algorithm 
provides a solution for the minimum haul distance when subjected to the programmed cut 
and fill constraints, which are the cut and fill quantities o f the individual cells. See 
Appendix I.
The linear programming software will print an X-Y coordinate location for each fill 
cell on the grid system indicating the quantity o f cut to be hauled to each fill location in 
order to achieve a minimum haul distance. This software program also provides an 
objective function. The objective function equals the sum o f each o f the individual
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excavation cells multiplied by their haul distance to the embankment cells. To complete 
the process, the objective function o f all cells is resumed until a minimum haul distance 
for the cells is achieved. It may take 20 to 30 iterations for the program to achieve this 
minimum haul distance. Nevertheless, the entire process takes less than a second. From 
this linear solution, the objective function is divided by the total cut and the product 
equals the average haul length for the project. For example, the linear programming 
printout for the example in chapter four indicates it took 31 iterations in 0.01 seconds to 
achieve the optimum solution. See Appendix I.
This model details a two-dimensional earthmoving algorithm for the solution o f  the 
optimum haul distance and provides directions to haul the material. This formulation 
minimizes the haul distance that earth is hauled from excavation to embankment 
locations. The previously calculated cut and fill amounts are used as constraints. The 
objective function in this formulation is calculated as follows;
•  Minimize the sum o f  the product o f the distance hauled multiplied by the amount 
o f earth hauled to each fill location (See Equation 1).
The objective function is subject to the following constraints:
•  The amount of cut material moved to a  fill location can not exceed the total 
amount o f cut available at that cut location.
• The amount o f cut material moved to a fill location can not exceed the total 
amount of fill available at that fill location.
The objective is expressed by the following linear programming expression:
1. Minimize Z =
M M
n m n m n m
M M  > 4 M
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The cut and fill constraints are expressed by the following linear 
programming expressions:
Subject to 
n m
2. S  ^  ^ k l ^ r s  -  kl ( /=  l.2,...,m ;y= 1.2......n)
y=i /=!
n m
3. S  S  ^  ^  ^  p q ^ r s  -  pq
7=1 /=!
4. P'ij pq ^ i j  =  ij (k = l,2,...,m; / = 1,2......n)
/= l  k = \
n m
5 £ £ c ^^„+c ^f „ = fy//„
/=!  k= \
Where,
m = maximum x coordinate o f grid within the work site 
n = maximum y coordinate o f grid within the work site 
/; = X coordinate of borrow pit 
^ = y coordinate of borrow pit 
r  = X coordinate of waste area 
s = y  coordinate of waste area
diju = relative unit haul distance fi-om “cell {i,j) ” to “cell ( t / )  " = + ( / - y)^
If k = / and / =y, dgki = 0.5
Cut if = Total anx)unt of earth cut m “cell (/y)”
Fillij = Total amount o f earth fill in “cell ( /j)”
CijFu = The amount o f earth moved from “cut cell ( /j)” to a “fill “cell (A,/)”.
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Note CijFu is one variable. Let Cutij equals the calculated excavation quantity located in 
•"cell (/,y)” and Fillij equals the calculated embankment quantity located in "'cell (/.y).” 
CijFu equals the amount of cut hauled from “cell (/y)” to fill “cell {.k,l)'\
Let diju equal the calculated relative unit distance between the center o f “cell (/,/)” and 
the center of the other “cell (^ /)"-If the cut, Cutij in the “cell is moved to the same 
cell, assume that diju equals O.S. Assume that the haul distance o f any material moved 
within a same cell is half the cell length.
Each cut cell o f the grid is subjected to the calculated factored fill quantity o f each 
cell. Each of the factored fill cells on the grid is subjected to the calculated cut quantity 
of each cell. For example, the excavated material in the “cell (1,1)” can be hauled to any 
cell, “cell (/, _/)”, where / = I to m (x dimension o f the grid) and j = 1 to n (y dimension o f 
the grid). Dashed arrows represent the relative haul distances (c/gw). See Figure 2.
.-■r
C/tf
0.0
Transportation Cell d#u 
Figure 2
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The fill quantities for basic earthmoving calculations will have to be adjusted for 
ground subsidence and compaction (increased density o f fills). The soil report for an 
earthmoving project will list the anticipated ground subsidence and shrinkage Actors. A 
soil report is currently required for all grading permits in the State of Nevada.
Since most projects are paid for in bank cubic yards o f excavation (in situ), the 
calculated fill quantities are increased by a compaction Actor. The compaction factor 
keeps the fill quantities in the same basic units o f measurement as the cut quantities by 
increasing the amount of fill placed in the fill areas by this factor.
Bulking or swell o f the excavation is not considered a problem in this model because 
normal equipment production rates and hauls listed in the Caterpillar Handbook account 
for such issues using bank cubic yards of production (in situ). Most pieces of equipment 
handle the increasing swell volumes, except for specAl situations, i.e. solid rock. For 
example, a Caterpillar 631E scraper is rated 31 cubic yards loose capacity, but only 25 
bank cubic yards (pay yards) measured at the excavation area. The difference translates to 
a 24% swell. Special conditions can easily be handled by adjusting the bank yard 
capacity and compaction Actor.
The center of each cell is identified as the cell’s center of mass for cut and fill 
proposes. The program can be set up so that the number o f cells approaches infinity, or 
at least the limits of the linear program. Keep in mind that the mathematical accuracy of 
program has been proven in previous research. (Basa, 1988) This program is set up on a 
half-cell unit system (.50). There is much to assume when bidding on earthwork projects. 
The weather, mechanical problems, and operator efiRciency can affect the accuracy o f the 
solution much naore than this balfcell assumption. To demonstrate, a 631E Scraper hauls 
approximately twenty-five cubic yards per load at 10 to 15 miles per hour. At this speed.
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it travels half the cell distance with a load in less than one minute. Each of these load 
costs are divided by 25 cubic yards to compute a per yard price, further reducing the 
error. Thus, the cut and fill quantities located within a cell occupying half o f the cell 
(center o f mass) for haul distance purposes does not cause an appreciable error. However, 
increasing the number of cells in the grid can increase the overall accuracy o f the system, 
but also makes the system virtually useless for directional purposes- '‘which way to move 
the soil.”.
After all o f the optimization syntax is pre-entered for a standard 12-cell model, all 
that is needed are the calculated cut or fill quantities for each of the cells that are used. 
Unused cells will have a value o f zero, and do not enter into the equation.
If a twelve cell pattern is drawn on any plan and the cut and fill quantities computed 
within each of these cells, the cut and fill quantities developed for each cell can then be 
used by the model. Simply, enter the calculated cut or fill quantities from your take-off 
into the model cut and fill constraints for each cell and press "solve” to calculate the 
solution. This previously prepared standard model is less time-consuming than 
developing a linear program for each application
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CHAPTER 4 
EXAMPLE
One o f  the local city agencies is in the process o f developing an 18-hole golf course. 
They advertised the project for bid in the local newspapers and furnished plans, 
specifications, and a soil reports to all prospective bidders interested in bidding on the 
project.
The plans for this large 18-hole golf course and clubhouse indicated that the cut and 
fill quantities were nearly one million cubic yards. The golf course design included four 
lakes. There were tees, bunkers, and greens located along each of the Airways, throw in 
some subdivision house pads and roads aroimd the perimeter, and you have a typical golf 
coiurse development.
Under-estimating the haul distances on a large project like this can quickly lead to 
financial disaster. Golf courses quite often require the soil to be moved on extremely long 
haul distances. Most o f the soil is typically excavated from the lake areas, and each 
fairway is 400 to 500 yards long for a par five golf course. One-way haul distances can 
easily approach 3,000 feet. As a result, this type of plan design involves numerous cuts 
and fills over long haul distances, causing difficulties in accurately determining the haul 
distance using current methods. If  you cannot determine an accurate haul distance, how 
do you determine an accurate cost? See the example o f Golf Course design in Figure 3 
on the next page.
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Figure Three -  Golf Course Computer Printout (with grid applied)
The example golf course design was originally drawn on a twenty-four by thirty-six 
inch sheet o f drafting paper, which is standard for most engineering designs. The actual 
civil design occupied an area o f approximately eighteen by twenty-four inches with the 
remaining space for notations. The design can be sectioned into twelve equal cells by 
dividing the plan into a twelve-cell grid template. To properly position, the grid 
alignment should begin at the lower left comers using an X and Y co-ordinate system.
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Cell dimensions can be adjusted to any size to ensure complete coverage of the 
design. To provide adequate coverage for this golf course design, each cell was adjusted 
to eight inches in each direction. The plan scale for the golf course is 200 feet: 1 inch, 
and each cell represents a relative distance o f 1,600 feet in length and width.
Because o f the X-Y coordinate system, each cell has a mathematical relationship to 
each of the other cells in the grid and an exact distance can be calculated between each o f 
the cells in the grid.
The distance between cells is calculated either as a straight line distance between two 
cells, or the triangular distance, which is calculated with a simple trigonometry function. 
The square root o f the side opposite and adjacent squared
The quantities o f cut and fill located inside o f each cell are calculated separately, 
allowing for shrinkage and subsidence o f the area as described in the soil report. Once 
the cut and fill quantities are calculated for each o f the grid cells, with the shrinkage and 
subsidence included, a cut and fill table can be created.
Depending on the type of soil existing on the she, the soils engineer will recommend 
a shrinkage or swell factor to be used for the project. This recommendation is based on 
the actual soil denshies obtained fi*om the she investigation borings. These borings will 
show the unh weight o f the soil at various depths and comparing these weights whh the 
maximum soil density, the engineer can calculate the soil loss from compaction. This 
soil loss translates into an increase in the amount o f embankment needed to construct the 
fill areas.
The proper amount o f  soil can then be added to the fill sections o f each grid cell.
This gives the embankment a properly balanced relationship whh the excavation (in shu). 
See Table 1.
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Table I — Calculated cut and fill quantities with shrinkage factor applied
CeUX. Y Cutu Fillii Fill factor Fillk.1 fexDortl imnort
11 4,759 18,639 1.15 21,435 16,676
21 386,009 88,666 1.15 101,966 (284,043)
31 70,861 224,861 1.15 258,590 187,729
41 5,425 74,722 1.15 85,930 80,505
12 168,712 70,278 1.15 80,820 (87,892)
22 211,865 98,487 1.15 113,260 (98,605)
32 52,064 168,259 1.15 193,498 141,434
42 26,240 14,204 1.15 16,335 (9,905)
13 0 0 1.15 0 0
23 0 0 1.15 0 0
33 29,630 70,777 1.15 81,394 51,764
43 0 0 1.15 0 0
14 0 Exnort cell 2.337 0
Total 955,565 bey 828,893 bey 955,565 bey Balanced
bey = bank cubic yards
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CUT 0 CUT 0 CUT 29,630 CUT 0
FILL 0 FILL 0 FILL 81394 FILL 0
CELL 13 CELL 23 CELL 33 CELL 43
CUT 168,712 CUT 211,665 CUT 52,064 CUT 26,240
FILL 80,820 FILL 113,260 FILL 193,498 FILL 16,335
CELL 12 CELL 22 CELL 32 CELL 42
CUT 4,759 CUT 386,009 CUT 70,861 CUT 5,425
FILL 21,437 FILL 101,966 FILL 258,590 FILL 85,930
CELL 11 CELL 21 CELL 31 CELL 41
Calculated cut & fill quantities (with shrinkage included fi-om Table I.)
Figure 4
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The soil report for the example golf course describes a gradually sloping alluvial An. 
This An has a slope of approximately 2% to the South. The material is classified as a 
uniform sandy loam material weighing approximately 100 pounds per cubic foot in place. 
The soil report also indicates that the site’s cuts and fills are designed to baAnce and the 
anticipated shrink%e and subsidence Actor would be approximately 1 S% at 90% relative 
compaction. Excess soil can be redistributed throughout the design by increasing a cell's 
fill requirement or assigning extra cut to an export disposal cell. If additional soil is 
needed to balance the fills, it can be taken from an import borrow cell, or compensated 
for by lowering the grade in the lake areas (increase cut in that cell)
Dummy cells are created to balance calculated cut and fill quantities. The dummy 
cells are assigned a zero distance value so they are not a Actor in the objective function, 
and subsequently affect the average haul distance value. Any import or export taken 
from this project should be calculated separately to keep the model simple. Keep in 
mind, import and export on an earthmoving project usually requires trucks, loaders, and 
very long hauls resulting in a substantial cost increase per unit.
To continue, the cut and fill quantities within a cell that are moved within that cell 
are assigned a half-cell (.50) haul distance. Any excess cut or fill in a cell is then 
transported to or from that cell to an adjacent cell, or further, until all o f the embankment 
cells are filled using the available cut, or is exported as required. As you can see, if you 
start at cell 1,1 with a cut, and that cut can be pAced in any o f  the fill cells including cell 
1,1, this generatesl44 possible combinations when assessing a  12-cell grid, plus borrow 
and disposal ceUs. To calcuAte these combinations manually would be prohibitively 
time consuming and expensive.
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The cut quantities from Table 1 are inserted into the appropriate cut constraints 
section of the model (See Appendix 1). The "factored fill” quantities from Table 1 
calculations are inserted into the appropriate fill constraint section of the model. The 
solution button is then pressed when all of the cut and fill constraints have been entered 
into the model, and the resulting printout is recorded in Table 2.
Table 2 Linear Programming Solution (for soil hauled the minimum distance)
C(11)F(11) 4,759 C(21)F(31) 258,329 C(31)F(41) 70,600
C(12)F(ll) 16,676 C(22)F(22) 44,381 C(32)F(32) 52,064
C(12)F(12) 80,820 C(22)F(32) 115,720 C(33)F(33) 29,630
C(12)F(22) 68,879 C(22)F(33) 51,764 C(41)F(41) 5,425
C(21F(32) 25,714 C(31)F(31) 261 C(42)F(42) 16,335
C(2l)F(21) 101,966 C(42)F(41) 9,905
Disposal cell C(12)F(14) 2,337
From this linear program printout, a vector diagram can be generated indicating the 
amount o f cut to haul to each fill location and the graphic direction o f  the haul. I f  the 
location and quantity information obtained from the linear program solution are plotted 
on a x-y cell grid, an arrow diagram can be generated illustrating "How much excavation 
to haul and where to haul it.” See Figure 5 Arrow Diagram on next page.
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(29,630)
To waste(2,337 cy)
51,764
CELL 13 CELL 23 LL 33 CELL 43
(52,064) (16,335)(80,820)
115,72068,879 25,714
CELL 12 CELL 22 LL32 CELL 42
16,676 9,905
y  2§gJ29 ^  0  7 0  600
(4,759) (101,966) (261) (5.425)
CELL 11 CELL 21 CELL 31 CELL41
Arrow Diagram 
Figure 5
Numbers in parenthesis represent cubic yards of cut moved within a ceil and the 
dashed line waste vector has no distance.
The arrows in the vector diagram illustrate the direction in which the cut should be 
hauled to achieve a balanced site with a minimum amount o f hauling. 335,641 cubic 
yards o f soil will be moved within the cells. This is represented by the quantities of soil 
that are in parenthesis in the diagram. The arrows represent the amount o f excavation that 
will be hauled further than the basic cell distance and the direction that soil is hauled.
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Table 3 Soned Haul Distances ( Solutions)
ICeliys cell = 800 If. Ouantitv 1 r n  Cell = 1.600 If Ouantitv lfll.41)Cell =2.263 If.
lOuantitv
C llF l l 4,759 C12F11 16,676 C12F32 25,714
C12F12 80,820 C12F22 68,879 C22F33 51,764
C21F21 101,966 C21F31 258,329 ♦disposal (2,337)
C22F22 44,381 C22F32 115,720
C31F31 261 C31F41 70,600
C32F32 52,064 C42F41 9,905
C33F33
C41F41
C42F42
29,630
5,425
16.335 0 0
335,641 BCY 540,109 BCY 77,478 BCY
The 2,337 cubic yards o f export is usually calculated separately since export or 
import usually requires different equipment and the loads are transported a longer 
distance. In this case, the specifications stated that it could be disposed o f onsite, so it 
will be disposed o f by increasing one o f the fill areas. This is a usual occurrence on a 
golf course where a foot or two does not matter in the overall development.
The linear optimization program generates a printed solution that represent the 
minimum haul distance for each o f the cut and fill cells in the program. This program 
calculates the cubic yards o f cut in each cell that should be hauled to a fill destination.
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For example, if cell 1,1 has a cut o f 1,250 cubic yards available and a fill o f  250 
cubic yards, the print out will show Cl IFl 1 = (250) cubic yards. If the next nearest 
available fill cell is F32, and F32 needs 500 cubic yards, it will print C11F32 = 500 cubic 
yards. Next, the program will redistribute the rest of the cut to the nearest, available fill 
cell until the cut is used.
The program will try difference combinations of the cut and fill cells until all o f the 
cut cells are moved the shortest possible distance. The program will then move any 
excess soil to a disposal cell if there is a surplus, or take some soil fiom a borrow cell if 
there is a shortage.
If each quantity o f soil moved in the linear solution is multiplied by the distance it is 
moved, the sum o f the quantities is the objective function. If  this objective function is 
divided by the total calculated cubic yards, the resultant number will represent the 
average unit distance the soil will be moved. See Table 4
Table 4 Objective Function
335,641 BCY X .50 ceU unit = 167,820 
540,109 BCY X 1.00 ceU unit = 540,109 
77,478 BCY X 1.42 cell unit = 110.019
817,948 BCY
Total 817,948 BCY units / 953,228 BCY = .858 units
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If each grid cell is 8 inches square, and the scale is 200 feet to the inch, then each cell 
is equal to 1,600 lineal feet times the objective function factor o f .858 cell units. 
Therefore, the average haul length for this example is 1,373 lineal feet. Using the Figure- 
five arrow diagram showing the haul directions, we can also compute the difference in 
elevation for each haul.
For this Go If Course Example;
• We now know the cut and fill quantities from the earthworks software program.
• We now know the type o f soil and its characteristics from the soils report.
•  We now know the distance we will haul the soil from the linear program.
• We now know the direction o f the haul from the arrow diagram.
•  We know the gradient o f each haul from the arrow diagram and plan elevations
From the above information, we can select the proper equipment for this project.
Based on the soil type and distance hauled, we can go to the Caterpillar Handbook with 
this information and calculate the haul times and production rates for the equipment 
selected. We will also be able to move the soil one time, in the right direction, at the 
shortest possible haul distance with the information in the arrow digram.
The only thing else we need is to set up a simulation program to determine the 
optimum equipment use for the selected equipment resources at the various haul 
distances. See Chapter 5.
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CHAPTERS 
SCRAPER SIMULATIONS 
The only thing else needed is to set up a simulation program for the selected 
equipment to determine the optimum resources use at the various haul distances 
determined in the model. This simulation program will develop the resource optimums.
Knowing how many cubic yards o f soil will be hauled a certain distance is the basis 
of earthwork estimating. If an estimator knows that there are 355,641 bank cubic yards of 
soil to be hauled 800 feet, he refers to the Caterpillar Production Handbook for 
information on the loading time, travel time, dumping time, and return times relative to 
the equipment he selects.
For example, a graph on the first page o f section 21 in the Caterpillar Handbook 
suggests using scrapers or heavy-duty haul trucks for this distance. An estimator's 
selection will also depend on the soil type and job conditions.
The boring logs in the site’s soils report will show the soil classification o f each 
boring. From these borings an estimator can determine the type of equipment needed to 
move the soils. I f  the borings show caliche, large boulders, solidified conglomerate, or 
rock, the equipment selected would be different than if  the soil is a fine grained silt-loam.
Rock operations usually require large bulldozers to rip the soil, shovel type 
excavators, heavy-duty rock trucks, and sometimes blasting. These soil types have low 
production rates and are associated with volume increases. On the other side of the
30
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clasification chart are the fine-grained soils, which are easily handled with scrapers and 
push cats.
The push-cat bulldozer used, usually a D-9 or 10, depends on how dense the soils 
are. It lines up behind the scrapers in the cut area and pushes each scraper until it is fully 
loaded. The scraper then proceeds to the fill area and diunps the load for further 
processing and compaction. After dumping the load, the scraper returns to the cut area 
for another cycle.
If the estimator selects a group o f 631 E’s and a D- 9N Push-Cat, he can refer to 
section eight o f the Caterpillar Handbook to determine exactly how to calculate the 
hourly production rate for a specific distance with those pieces o f equipment. By 
calculating the loading cycle for the push-cat, the estimator will know exactly how many 
scrapers can be assigned to each of the haul distances. He then assigns a production 
factor to these rates to account for operator inefficiencies and breakdowns. Thus, the 
estimator can develop an estimate o f the cost per cubic yard for that haul distance with 
the selected equipment.
Chapters Four provided the necessary details needed to determine the haul distances 
for the golf course example. The soil report for the project described the type o f soil 
involved, its unit weight, and the optimum moisture contem. Furthermore, the Caterpillar 
Performance Handbook recommended assigning a 4% rolling resistance to the soil based 
on the plan elevations and the arrow diagram. The plans also indicate that most o f the 
excavation will come from the four lakes shown on the plans. These lakes average 20 feet 
in depth to develop the required excavation, which means that there is a 20% adverse 
haul grade for the first 100 feet of haul out o f each lake. The developed vector 
directional drawing shows an additional 2% adverse gradient for most o f  the hauls, for an
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overall 6 to 8% adverse grade. A 63IE Scraper, loaded to full capacity, will hold 
approximately 25 cubic yards. The soil report indicates that the soil weighs 100 pounds 
per cubic foot in place and has a 6 % optimum moisture. With a scraper tare weight of 
101,500 pounds and a load o f67,500 pounds at 100 pounds per cubic foot, the scrapers 
will travel at a maximum speed o f 10 mph loaded and 12mph empty when looking on the 
8 % resistance line of a Caterpillar Handbook rim-puU chart. These speeds will vary 
quite a bit in the field depending on haul road conditions. Using the Caterpillar 
Handbook’s charts and graphs without any actual field performance data to back them up 
can be very risky. The charts tends to over simplify production and adverse haul-road 
conditions, and do not adequately allow for waiting/delay times involved in loading, 
spreading, and compacting the soil. An efficiency factor has to be applied to the 
production rate to cover these and other losses. Usually, a 50-minute hour is used.
Micro-Cyclone (Halpin, 1990) developed a simulator program wherein the load-haul 
sequence o f a project can be set up and tested for any number of cycles or hours. A 
detailed schematic o f the chosen equipment was developed showing their production 
cycles. Using the syntax developed by Doctor Halpin in his program, simulation reports 
were run at the various haul distances to determine the optimum number of resources 
involved and then: production rates. If  costs are also inserted into this program, a 
minimum production cost can be determined. The program develops queues for each 
operation in the cycle, thus, placing limits on the increases that exceed the equipment 
capacities in any area o f the cycle. When the program is set up with three scrapers and 
one push cat, cost reports can be ran with for, five, or six scrapers. The compaction 
resources can also be varied along with the other equipment to determine any number of 
cost variables. To develop the optimum cost for a project, a  schematic of the proposed
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cycles was developed and the proper syntax was placed in the Micro-Cyclone simulator 
as outlined in Dr. Halpin's book.
1) soil 
available
□-9N
push-cat
waiting to 
load
scrapers •
waiting to 
spread soil
grade
checker
14
10) 
waiting for 
com pactor
13)
com pact
soil
12) 8250 
waterpull 
blade
631E scraper 
travel
^  2) loading 
131E scrapers
compacting soil
scraper return spreading soil
Simulation Schematic 
Figure 6
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SIMULATION SYNTAX FOR 800 FEET HAUL
NETWORK HLE 
NAME SCRAPER LENGTH 800 CYCLE 1000 
NETWORK INPUT
1 QUEUE ‘READY TO LOAD AVAILABLE SOIL’
2 QUEUE ‘D-9N PUSH-CAT’
3 COMBI LOAD 63IE SCRAPERS’ SET 1 PRE I 2 8 POL2 4
4 NORMAL ‘ SCRAPER HAUL’ SET 2 FOL 5
5 QUEUE ‘WATTING TO SPREAD SOIL’
6 COMBI SPREAD SOIL’ SET 3 PRE 5 9 FOL 9 7 10
7 NORMAL ‘63 IE SCRAPER RETURN’ SET 4 FOL 14
8 QUEUE SCRAPERS WAITING TO LOAD’
9 QUEUE ‘GRADE CHECKER AND FOREMAN’
10 QUEUE WAITING TO COMPACT SOILS
11 COMBI COMPACT SOIL’ SET 5 PRE 10 12 FOL 12 13
12 QUEUE ‘COMPACTION EQUIPMENT’
13 QUEUE ‘ FINISHED COMPACTED SOIL’
14 FUNCTION COUNTER QUANTITY 25 FOL 8 
DURATION INPUT
SETl 1.09 
SET 2 .90 
SET 3 .45 
SET 4 .70 
SET 5 J7
RESOURCE INPUT 
30000 SOIL AVAILABLE’ AT 1 
2 PUSH-CAT AT 2 n X  150 
1 ‘GRADE-CHECKER, FOREMAN ’ AT 9 FIX 103 
6 ‘63 IE SCRAPERS’ AT 8 FIX 150
1 BLADE 825C COMPACTOR, WATERPULL’ AT 12FIX345 
ENDDATA
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Using^dns-program and-the information developed above, a simulation was 
performed for each haul distance, varying the number of resources. 1.000 cycle runs were 
made using from two to eight scrapers for each of the haul distances and the results 
recorded. A 10 mph loaded travel speed and a 12mph unloaded return speed was used, 
which is in line with known data from previous work.
By calculating the compacting width, travel speed, and lift thickness, the maximum 
cubic yards efficiency o f an 825C compactor can be determined. See Table 5.
Table 5 Compaction Calculations
825C compactor
Width o f compactor blade 10 feet Thickness of soil placed 8 inches
Travel speed 6 - 8  miles/hr Number o f pass to achieve compaction -3
10 w X .671X 6 -7  mph x 5280 miles /  3 passes/ 27 = 2,620 -3,057 cy/hr. 
Use one compactor for up to 3,000 cy.
The amount of water required to bring the soil to within 2% o f the optimum moisture 
content is also calculated to determine how many water-pulls will be needed at the 
various production rates Table 5 shows that one compactor can compact up to 3,000 
cubic yards per hour. This figure is kind o f  ambiguous as the compactor can be sped up 
to meet a  slight increase in production. Water is the limiting factor. It takrs time to fill a 
water truck and distribute the water into the soiL If  a second water truck is used
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and a stand tank provided, the operation is then only limited by the fire hydrants capacity 
to supply water
Table 6 Moisture Calculations
From Soil report:
Optimum moisture content 6% + - 2% Max. soil processed: 2620 - 3057 cy/hr 
Water needed: 2620cy x 27 x 7.48 x .06+-2% = 21,165-31,748 gallons/ hr. 
or approximately three loads per hour with 10,000 gallon water wagon 
Use one water wagon for up to 3,000 cy/hr.
Having the proper number o f compactors and water pulls on the project is as critical 
as the proper number o f scrapers.
Table 7 Scraper Data
63IE Scrapers Source: Caterpillar Performance Handbook 
Weight 101,500 lbs. Capacity 75,000 lbs. (25 bey)
Loaded speed from 8% rim-pull graph —10mph-(880 ft/min.)
Unloaded return speed from graph- 12mph-(1,056 ft/min.)
D-9N push-cat for 631 E-load - .6 plus 140% + .25 maneuver time: 1.09 min. 
Maximum cycle - 6 0 /  1.09 = 55 push’s per hour m a x im u m
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Table 8 Equipment Cost for Simulation Runs
D-9N push-cat @$150.00
63IE Scraper @$150.00
10,000 gallon water wagon @ $100.00
Cat 14 motor-grader @ $120.00
825C compactor @ $125.00
Grade checker @ $48.00
Foreman/pick-up @ $55.00
Table 8
Table 9 Cycle time / 800 feet
The estimated cycle time for an 800foot haul is as follows;
Loading time 1.09 min.
Travel- 800-A./880 ft. .90 min.
Spreading-200 ft. /440 ft. .45 min.
Return- 800 ft. /1,056 ft. .71 min
Total cycle time 3.15 min.
3.15 /1.09 = 2.89 scrapers- use 3 scrapers - 3 x 1.09 = 3.27
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According to Table 9, when the cycle time is divided by the push-load cycle, it says 
that on an 800 feet haul with three scrapers, that each scraper will have a 7.2 seconds wait 
for the push cat. Therefore, the maximum production during a 50 minute hour divided by 
the cycle time 50 / 3.27 = 15.29. 15.29 trips per hour x 3 scrapers = 45.9 loads x 25 bey 
= 1148 bey. A crew cost of $1,045 /1148 bey = $.91 per bank cubic yard on an 800
foot haul.
Table 10 Cycle Time / 1,600 feet
The estimated cycle time for a 1,600 feet haul is as follows:
Loading time 1.09 min.
Travel- 1,600 A./880 ft. 1.81 min.
Spreading-200 ft. /440 ft. .45 min.
Return- 1,600 ft. /1,056 ft. 1.51 min.
Total cycle time 4.86 min.
4.86 /1.09 = 4.46 scrapers- use 4 scrapers — 4 x 1.09 = 4.36
As indicated in Table 10, when the cycle time is divided by the push-load cycle on a
1.600 feet haul, with four scrapers, the push-cat will have a 30 seconds wait for each 
scraper. Therefore, the maximum production in a 50 minute hour divided by the cycle 
time 50 /  4.86 = 10.29 trips. Thus, 10.29 trips per hour x 4 scrapers = 41.2 loads x 25 
boy =1029 bey. Crew cost $1,045 -t- one scraper ($150) / 1,029 = $1.16 per bey on a
1.600 foot haul
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
39
Table 11 Cycle Time / 2,263 feet
The estimated cycle time for a 2,263 feet haul was the following:
Loading time 1.09 min.
Travel- 2,263 ft./ 880 ft. 2.57 min.
Spreading-200 ft. /440 ft. .45 min.
Return- 2,263 ft. /1,056 ft. 2.14 min.
Total cycle time 6.25 min.
6.25 /1.09 = 5.73 scrapers- use 6 scrapers — 6 x 1.09 = 6.54
When the cycle time is divided by the push-load cycle, on a 2,263 foot haul with 6 
scrapers, the scrapers will have to wait for the push cat 17.4 seconds, so the maximum 
production in a 50 minute hour divided by the cycle time 50 / 6.54 = 7.65. Thus, 7.6 trips 
per hour x 6 scrapers = 45.6 loads x 25 bey = 1140 bey. Crew cost $1,045 + three 
scrapers ($450)/ 1,140 = $1.31 per bey on a 2,263 foot haul. See Table 11.
A 1,000 cycle run with the Micro-Cyclone simulator on a 60 minutes hour, and 
varying the resources from two to seven scrapers showed the following results:
Table 12 One Push[Cat Production / 800 feet
Equipment Production at 800 ft. unit cost-60min.hr.
Two631E/D-9N 951.72 bey $0.94
Three631E/D-9N 1,373.54 bey $0.76 ***
Fout631E/D-9N 1,373.54 bey $0.87
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Table 13 One Push-Cat Production / 1,600 feet
Equipment Production at 1.600 ft unit cost-60 min.hr.
Three 631E / D-9N 922.19 bey $1.14
Four 631E/D-9N 1,228.73 bey $0.97 ***
Five631E/D-9N 1,371.38 bey $0.98
Six631E/D-9N 1,371.38 bey $1.09
Table 14 One Push-Cat Production /  2,263 feet
Equipment Production at 2.263 ft. unit cost-60 min.hr.
Five631E/D-9N 1,142.98 bey $1.18
Six631E/D-9N 1,369.29 bey $1.09 ***
Seven 63 IE / D-9N 1,369.29 bey $1.20
The Figure 7 - Micro-Cyclone Percent Busy graphical bar chart shows that the D-9N 
push-cat is at 99.91 percent o f optimum production with the scrapers waiting to be 
pushed while the compaction crew is only at 52 % o f capacity. See Figure 7
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PROCESS; SCRAPEF^ 
L N O
0%
% Busy rrr
3 Load D-9N pushcat
4  Haul 631E scrapers
6 Spread
7 Return 631E scrapers
11 Compact soil
100%
41.39
69.81
% Busy Chart - Three Scrapers / one push-cat spread.
Figure 7
At the end of the simulator runs, the spreading and compaction queues in the 
simulator stayed at around 50% o f maximum, so a new series of simulations were ran 
using six scrapers and two push-cats. This brought the compaction queue up to 99.57% 
without exceeding the compactor or water-wagon work limits. See Figure 8
PROCESS: SCRAPERS 0%
L N O  % Busy [
3 Load D-9N pushcat
4  Haul 631E scrapers
6 Spread
7 Return 631E scrapers
11 Compact soil
100%
100.35
100.00
99.57
% Busy Chart - Six Scrapers /  one push-cat spread
Figure 8
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By doubling the scraper/ push-cat production, the spreading and compacting 
operations increase close to their maximum capacities, thus, lowering the cost by 
increasing the overall efficiency. “Lose money on every job, but make it up on the 
volume” is an old, old, adage - in this case its true. Making your money in half o f the 
time will double your yearly profit, so contractors can reduce their prices a little and still 
make more money than they could with a single spread. When running a 1,000 cycles 
with double the push-cats, the simulator showed the following results;
Table 15 Two Push — Cat Production / 800 feet
Equipment Production at 800 ft. unit cost-60 min.hr.
Five631E/2D-9N 1,372.73 bey $0.67
Six 631E/2D-9N 2,739.68 bey $0.64***
Seven631E/2D-9N 2,739.68 bey $0.68
This new $0.64 price is 16% cost reduction from original $0.76 single push-cat cost.
Table 16 Two Push-Cat Production / 1,600 feet
Eouinment Production at 1.600 ft. unit cost-60 min.hr.
Seven631E/2D-9N 2,454.10 bey $0.83
Eight 631E/2D-9N 2,730.90 bey $0.80***
Nine631E/2D -9N 2,731.79 bey $0.86
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Table 17 Two Push-Cat Production / 2,263 feet
Eouinment Production at 2.263 ft. unit cost-60 min.hr.
Eleven 631E/2D-9N 2,500.21 bey $1.00
Twelve 631E/2D-9N 2,722.81 bey $0.97 * *
Thirteen63I E / 2 D-9N 2,722.81 bey $1.03
Using production rates calculated from the “Cat “ handbook - Tables 12, 13, and 14 
for a 1,000 cycle one push-cat earthmoving simulation revealed the following costs:
Table 18 Double Push-Cat Excavation Cost
335,641 bey @ $0.91 = $305,433.31
540,109 bey @$1.16 = $626,526.44
77,478 bey @$1.31 $101,496.18
For an overall production cost of $1,033,455.93 for 953,228 bank cubic yards 
equaling $1.08 per cubic yard on a normal 50 minute hour and $ 0.90 per cubic yard for a 
60 minute hour.
Increasing the production rate to the two push-cats - Tables 15,16, and 17 
for 1,000 cycle earthmoving simulations revealed the following costs:
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335,641 bey @ $0.77 = $258,443.57
540,109 bey @ $0.96 = $518,504.64
77,478 bey @ $ 1.16 = $89,874.48
For an overall production cost of $866,822.69 for 953,228 bank cubic yards equaling 
$0.91 per cubic yard on a normal 50 minute hour and $ 0.76 per cubic yard for a 60 
minute hour.
Running these simulations on the Micro-Cyclone simulator to optimize the resources 
used at the various haul distances, a possible saving of $166,633.24 was shown to exist. 
Unfortunately, indeterminate foctors such as operator error, the weather, and breakdowns 
will inevitably reduce these savings.
We are using average haul distances to calculate the costs and varying the number of 
scrapers when the distance increases to a certain point. This means that the costs are 
constantly changing and require the constant supervision o f a good grading foreman that 
can make these calculations in his head. It takes years o f experience to be able to quickly 
make these mental decisions. The better the grade foreman is at optimizing the 
equipment the more money he will save for the company. Nevertheless, the simulation 
process has enormous potential.
A good grade foreman will run two or more push-cats on a  project and vary the 
scraper hauls. Keep in mind, these haul distances are average hauls and will vary from
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time to time. If  the scrapers start to bunch up on the push-cat, the foreman will assign a 
longer haul distance to some o f the scrapers to keep the push-cats at optimum production. 
To vary the scraper haul distance or assign more scrapers to a haul the foreman has to 
know where he is going to haul the soil. This is why the arrow diagram illustrating haul 
direction and distance is so important. He has to know where to send them next.
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CONCLUSIONS
Estimating earthwork is currently more o f an art than a science. This thesis attempts 
to eliminate some of the art by creating a simple system that will optimize haul distances 
and develop directions in which to haul the soil on mass excavation projects. Looking at 
earthmoving estimating procedures as a whole, most procedures are random and ad hoc. 
These procedures require that an estimator have an intimate knowledge o f the soil 
conditions in the geological area o f the project. To be successful, estimators must not 
only know the cost of processing the various types of soil, rock, clays, etc., but they also 
need to have a sixth sense to determine “ where and when” they will hit these soils.
The methodology introduced in this thesis offers a consistent advantage over 
intuitive, indeterminate methodology. (A nice way to describe a wild guess.) In short, 
this methodology will increase overall estimating accuracy, and therefore, profits.
As the number of grid cells are increased, the accuracy o f the haul distance is also 
increased, but as the number o f cells increase, the directions in which to haul the soil 
become so numerous that the vector diagrams become meaningless. That is one reason 
why a twelve-cell grid was chosen for project. With twelve-cells, each half-cell increase 
in the haul distance represents more scrapers being added to the basic haul. This twelve 
cell linear programming report can be converted into an arrow diagram and given to the 
equipment operators in the field as a  graphic representation o f were to move the soil. The 
simplicity o f the twelve-cell arrow diagram can be understood by any grading foreman
46
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and accordingly assures that the excavation will be moved in the right direction, for the 
minimum cost, the first time.
Arrow diagrams showing “how much to haul and were to haul it” are not currently 
seen on mass earthmoving projects, but arrow diagrams should be a standard procedure 
for all earthmoving projects. Anything has to be better than letting field personnel 
deciding where to move the soil at over a $1,000 per hour. At best, this shows a lack of 
planing on management’s part.
The equipment simulation runs on different haul distances are worth their weight in 
gold when estimating final earthmoving costs. They are a very important part in 
determining the optimum level o f resources to use on a project.
Future research should include developing a better method for determining the slope 
gradient for each haul distance cell on the grid. The program can be integrated into the 
present earthwork programs so that by the touch o f a button the minimum haul distance is 
shown exactly to 3 or 4 decimal places and a 12-cell diagram is printed out. Contractors 
could expect fewer cost variations and greater profits when this system is accepted as 
standard practice throughout the earthwork industry.
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LINDO SYNTAX AND EXAMPLE 
PROGRAM RESULTS
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LP OPTIMUM SOLUTION FOUND AT STEP 31 
OBJECTIVE FUNCTION VALUE -  817,483.4 
817,483.4/953,228 = 0.858 
Model cell = 8” scale 1” =2C0’ cell =1,600 feet 
0.858 X 1,600 If. = 1,373 If. AVERAGE HAUL DISTANCE
SOLUTION
VARIABLE VALUES
C lIF ll 4,759. C12F22 68,879
C21F21 101,966. C12F14* 2,337 * Export
C21F31 258,329. C22F22 44,381
C21F32 25,714. C22F32 115,720
C31F31 261. C22F33 51,764
C31F41 70,600. C32F32 52,064
C41F41 5,425. C42F41 9,905
C12F11 16,676. C42F42 16,335
C12F12 80.820. C33F3 29,630
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LINDO MODEL MINIMUM Z = cut & fill for 12 cell model + dummy cell 
+  . S c l l f l l  +  I c l l O l  + 2 c l l G l  + 3 c l l f 4 l  +  l c l l f l 2 +  I .4 l4 c l l f 2 2  +  2 .2 3 6 c l l f3 2 + 3 .1 6 2 c l l f4 2  
+  2 c l  I f l3  +  2 .2 3 6 c ll£ 2 3  +  2 .8 2 3 c I lG 3  +  3 .6 0 6 c l lf4 3  +  .OOOOlcl l f l 4  +  lc 2 1 f l  1 +  .5 c 2 1 G l  
+  I c 2 I G l  + 2 c 2 1 f 4 l  +  1 .4 I 4 c 2 1 fI 2 +  lc 2 lG 2  +  1 .4 l 4 c 2 i e 2  +  2 .2 3 6 c l l f4 2  +  2 .2 3 6 c 2 1 fl3  
+  2c2 1 G 3  + 2 .2 3 6 c2 1 G 3  +  2 .8234c21f43  +  .0 0 0 0 lc 2 l f l4  +  2 c 3 1 f l l  +  lc 3 1 G l  +  ,5 c 3 1 Q l  
+  I c 3 1 f4 l + 2 .2 3 6 c 3 1 f l2 +  1 .4 1 4 c 3 IG 2 +  I c 3 1 G 2 +  1 .414c31f42 +  2 .8 2 3 c 3 1 fl3 + 2 .2 3 6 c 3 1 G 3  
+  2c31G 3 +  2 .236c31f43  + .0 0 0 0 1 c 3 I f l4 + 3 c 4 I f I I  +  2 c 4 I G l  +  lc 4 I G I + .5 c 4 I f4 1 + 3 .I 6 2 c 4 1 f l2  
+  2 .2 3 6 c4 1 G 2  +  1 .414c41G 2 +  I c 4 lf4 2  +  3 .6 0 6 c 4 Ifl3 + 2 .8 2 3 c 4 1 G 3  +  2 .2 3 6 c 4 lG 3  +  2c41f43  
+  .0 0 0 0 1 c 4 m 4  +  l c I 2 f l l +  1 .4 1 4 c I2 G l + 2 .2 3 6 c l2 C l  + 3 .1 6 2 c l 2 f 4 I + .5 c l 2 f l 2 +  l c l2 G 2  
+  2 c l2 G 2  +  3 c l2 f 4 2 +  I c l2 f l3  +  1 .4 1 4 c l2 G 3  +  2 .2 3 6 c l2 G 3  + 3 .1 6 2 c I 2 f4 3 +  1 .4 1 4 c 2 2 fll  
+  lc 2 2 G l+  l .4 1 4 c 2 2 G l +  2 .236c22f41  +  I c 2 2 f l2  +  .5c22G 2 +  lc 2 2 G 2  +  2c22f42  +  1 .4 1 c2 2 fl3  
+  lc 2 2 G 3  +  L 4 l4 c 2 2 G 3  + 2 .2 3 6 c 2 2 f4 3 + .0 0 0 0 lc 2 2 f l4  + 2 .2 3 6 c 3 2 f l l+  l .4 l4 c 3 2 G l +  lc 3 2 G l  
+  I .4 1 4 c3 2 f4 I +  2 c 3 2 f l2  +  lc 3 2 G 2  +  .5 c3 2 G 2  +  Ic32f42  +  2 G 3 6 c 3 2 fl3  +  l.4 1 4 c3 2 G 3  
+ lc 3 2 G 3  + 1 .4 I4 c3 2 f4 3  +  .0 0 0 0 lc 3 2 f l4 + 3 . l6 2 c 4 2 f l l  + 2 .2 3 6 c4 2 G I -t-1 .4I4c42G l +  Ic42f41 +  
3 c 4 2 f l2  -t-2c42G2 +  l c 4 2 0 2  +  .5c42f42  +  3 .1 6 2 c 4 2 fl3  +  2 .23 6 c4 2 G 3  +  l.4 1 4 c4 2 G 3  -t- Ic42f43  
+  .O G 001c42fl4 +  2 c I 3 f l l  + 2 .2 3 6 c l3 G I  + 2 .8 2 3 c I 3 G l  + 3 .6 0 6 c I 3 f4 1  + I c l3 f l2  
+ 1 .4 I4 c I3 G 2 + 2 .2 3 6 c I3 G 2  + 3 .I 6 2 c I 3 f4 2 + .5 c I 3 f l3  + lc I 3 G 3  + 2 c l3 G 3  + 3 cI3 f4 3  +  
.0 0 0 0 lc l3 f l4  +  2 .2 3 6 c 2 3 fl 1+ 2 c 2 3 G l+  2 G 3 6 c 2 3 G l+  2 .8 2 3 c 2 3 f4 l+  1 .4 l4 c 2 3 f l2 +  lc 2 3 G 2  
+ I .4 1 4 c 2 3 G 2  +  2G 36 c2 3 f4 2  +  Ic 2 3 f l3  +  .5c23G 3  +  lc2 3 G 3  +  2 c2 3 f4 3 +  .0G 001c23fl4  
+ 2 .8 2 3 c3 3 fl 1 +  2 .2 3 6 c 3 3 G l +  2 c3 3 G I + 2 G 3 6 c3 3 f4 I + 2 .2 3 6 c3 3 fI2  + I .4 1 4 c3 3 G 2  + lc 3 3 G 2  
+ I .4 I4 c 3 3 f4 2  +  2 c 3 3 f l3 +  Ic3 3 G 3  +  .5c33£33 +  Ic3 3 f4 3 +  .GGGGlc33fl4 +  3.6G 6c43fl 1 +  
2 .8 2 3 c4 3 G I +  2G 36c43G  1+ 2 c 4 3 f4 I+  3 .1 6 2 c 4 3 f l2  +  2 G 3 6 c4 3 G 2  +  L 4 l4 c 4 3 G 2  +  Ic4 3 f4 2  +  
3 c 4 3 f l3  +  2 c4 3 G 3  +  Ic4 3 G 3  +  .5c43f43  +  .GGGGlc43fl4 +  .GGGGIcl4fll +  .GGGGlcI4GI +  
.GGGGIcI4G I +  .GGGGIcI4f4l+ ,GGGGlcI4fl2 +  .GGGGIcl4G2 +  .GGGGlcl4G2 +  .GGGGlcI4f42 +  
.0G G 01cl4 fl3+  .0G G 0lcl4G 3 +  .G G G0lcl4G3 +  .GGG01cl4f43
R e p ro d u c e d  with pe rm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .
51
Subject to Cut Constraints for all 12 cut cell 
+ c lin i  + c l l f 2 1  +C 11D I H -cllf41 + c l i n 2  +  c ll£ 2 2
+  c l l f 3 2  +  c l l f 4 2  +  c l l f l 3  + c l l G 3 + c l l G 3 + c l l f 4 3 + c l l f l 4 = ( 4 g  
+  c 2 1 f l l  +C 21G 1 +c21£3I + c2 1 f4 I  + c 2 l f l 2  +  c2I£22  
+  c2 1 B 2  +  c21f42 +  c21 fl3  +  c21 G3 +  c21 B 3  +  c 2 l f43 +  c2I f l4  =  [386.009 
+  c 3 i n i  +C31G 1 +C 31B 1 + c3 lf4 1  + c 3 1 f l2  +  c31G 2  
+  c3 1 B 2  +  c3If42  +  c 3 in 3 + c 3 lC 3 + c 3 1 B 3 + c 3 1 f 4 3  +  c31 f l4  =  |7 0 8 6 l  
+  c 4 1 f l l  + C 4 I0 1  +C 41B 1 + c41f41  + c 4 I f l2  +  c41£22 
+  c 4 IB 2  +  c41f42 +  c 4 in 3  + c4 IG 3  + c 4 I B 3 + c 4 1 f 4 3  + c 4 l f l 4 = ^,425  
+  c I 2 n i + c l 2 0 I  + C I2B 1 + c l2 f4 1  + c l 2 f l 2  +  cI2£>2  
+  C Î2B2 +  c l2 f4 2  +  c l2 fI3  + c l2 C 3  +  c I2 B 3  +  c l2 f4 3  +  c l2 n 4  =  | Ï 6 8 ^  
+  c2 2 fl 1 +  c22f21 +  c 2 2 B l + c22f41 +  c 2 2 fl2  +  c22G 2  
+ c2 2 B 2  +  c22f42 +  c22 fl3  +  c 2 2 0 3  +  c22B 3 +  c22f43 +  c2 2 fl4  =  [211.865 
+  c32fl 1 +  c 3 2 0 1  +  c 3 2 B l + c32f41 +  c3 2 fl2  +  c32f22  
+  C32B2 +  c32f42 +  c32fl3  +  c32C 3 +  c32B 3  +  c32f43 +  c 3 2 fl4  =  [52.064 
+  c4 2 fl 1 +  C 4201 +  c42B  1 +  c42f41 +  c 4 2 fl2  +  c42£22 
+  C42B2 +  c42f42 +  c42 fl3  +  c42G 3 +  c42B 3  +  c42f43 +  c4 2 fl4  =  [26^40 
- t - c U f l l  +C 13G I + C 13B I + c l3 f4 1  + c l 3 f l 2  +  c l3 G 2  
-I- C I3B 2 +  c l3 f4 2  +  c l3 f l3  +  c l3 C 3  +  c l3 B 3  +  c l3 f4 3  +  c I 3 n 4  =  @
+  c 2 3 f l l + c 2 3 B l  + c 2 3 B l  + c23f41  + c 2 3 f l2  +  c 2 3 B 2  
+  c2 3 B 2  +  c23f42 +  c23H 3 +  c23G 3 +  c23B 3  +  c23f43 +  c2 3 fl4  =  @
+  c 3 3 n i  + C 3 3 0 1  +C 33B 1 + c33f41  + c 3 3 f l2  +  c33G 2
-i-c33B 2 +  c33f42 +  c 3 3 f l3 + c 3 3 E 2 3 + c 3 3 B 3 + c 3 3 f4 3  + c 3 3 f l 4 = ^ ^
+  c4 3 fl 1 +  c 4 3 G l +  c 4 3 B l +  c43 f4 l +  c4 3 fI2  +  c43£22
+  c 4 3 B 2  +  c43f42  +  c43 fl3  +  c43G 3 +  c4 3 B 3  +  c43f43 +  c 4 3 f l4 = @
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Fill Constraints for all 1 2 & 1  cell 
+ c l l f l l  + c 2 i n i  + c 3 1 f l l  + c 4 l f l l  + c l 2 f l l + c 2 3 f l l  
+  c 3 2 f l l  + c 4 2 f l l  + c l 3 f l l  + c 2 î f l l  + c 3 3 f l l  + c 4 3 f l l  + c l 4 f l l  = |21,435 
+  C1101 + c2 1 f2 1  +C 31C 1 + c 4 J O l + c l 2 G l + c 2 2 G l  
+ C3201 +C 42Q 1 +C 13C I + c 2 3 0 l  + c 3 3 G l + c 4 3 G l  + c l4 0 1  = 1101.966 
+ C1101 +C 21B 1 +C 31D 1 +C 41G I + c l 2 D l  + c 2 2 G l  
+ C32G1 +C42G 1 +C13G 1 + c 2 3 0 1  + c 3 3 G l + c 4 3 G l  + c l4 G l  4258,590  
+ c llf4 1  + c21f41  + c31f41  + c41f41  + c l2 f4 1  + c22f41  
+ c32f41 + c42f41  + c l3 f4 1  + c23f41  + c33f41  + c4 3 f4 1  +cI4f41 = 185,930 
+  c l  l f l 2  +  c 2 i n 2  +  c3 l f l 2  +  c41 f l2  +  c l2 f l2  +  c 2 2 fl2  
+ e 3 2 fl2  +  c 4 2 f l2  +  C 1302 +  c 2 3 fl2  +  c 3 3 fl2  +  c 4 3 0 2  +  c l 4 f l 2 = g Ô g  
+  c l  1 0 2  +  C21Q2 + C 3102 +  C41G2 +  c l 2 0 2  +  c22G 2  
+ c32G 2 +  C42G2 +  c l3 G 2  +  c23G 2 +  c33G 2 +  c43G 2 + c l4 G 2  =  |113G60 
+  c l lG 2  +  c21G 2 + c31G 2 +  c41G 2 +  c l2 G 2  +  c22G 2  
+ c32G 2 +  C42G2 + c l3  G2 +  c23 G 2 +  c33 0 2  +  c43 G 2 +  c l4 G 2  =  |193,498| 
+ c l 1 f42 +  c 2 1 f42 +  c 3 1 f42 +  c41 f42 +  c l2 f4 2  +  c22f42  
+  c32f42 +  c42f42 +  c  13 f42 +  c23 f42 +  c33 f42 +  c43 f42 +  c  14f42 =  [Ï6Ô35 
+  c l l f l 3  + c 2 i n 3  +  c3 1 fl3  + c 4 1 f l3  + c l2 f l3  + c 2 2 f l3  
+ c32fl3  +  C 4203 +  c I3 f l3  +  c23G 3 + c 3 3 f l3  + c 4 3 f l3  + c l 4 f l 3  = g  
+  C11G3 +C 21G 3 +  c31G 3 +C 41G 3 +C 12G 3 +C 22G 3  
+  C32G3 +  C42G3 +  c l3 G 3  +  c23G 3 +  c33G 3 +  c43 G 3 +  c l4 G 3  = g  
+  C11G3 +C 21G 3 +  C31G3 +C 41G 3 + c l2 B 3  +  c22G 3
+ c32B 3 +  C42G3 +  c l3 G 3  +  c23D 3 +  c 3 3 0 3  +  c43G 3 +  c l4 B 3  = ^1,394  
+  c l  lf43 +  c21f43 +  c3 lf43  +  c41f43 +  c l2 f4 3  +  c22f43 
+  c32f43 +  c42f43 +  c l3 f43  +  c23f43 +  c33f43 +  c43f43 +  c l4f43  =  g
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Borrow (import) cell 
+ c I4 fll +CI4G1 +CI4Q1 +cl4f4 l + c I4 fI2 +  cI4G2 
+ cl4f32 + cl4f42 + cl4fl3 + cl4f23 + cI4f33 + cl4f43 = g
Disposal (export) cell 
+ c llf I4  + c21fI4 + c3lfl4  + c4lfl4  + c l2fl4  + c22fl4 
+ c32fl4 + c42fl4 + cI3fI4 + c23fl4 + c33fl4 + c43fI4 =j 2,337
END
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SCRAPER SIMULATION SYNTAX 
AND 
REPORTS
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SIMULATION SYNTAX FOR 800 FEET HAUL
NETWORK FILE 
NAME SCRAPER LENGTH 8 0 0  CYCLE 1 0 0 0  
NETWORK INPUT
1 QUEUE ‘READY TO LOAD AVAILABLE SOIL’
15 QUEUE ‘D -9N  PUSH-CAT’
16 COMBI “LOAD 63 IE SCRAPERS’ SET 1 PRE 1 2  8 POL 2 4
17 NORMAL ’ SCRAPER HAUL’ SET 2  POL 5
18 QUEUE -WAITING TO SPREAD SOIL’
19 COMBI SPREAD SOIL’ SET 3 PRE 5 9  POL 9 7 10
20 NORMAL ‘63 IE SCRAPER RETURNT SET 4  POL 14
21 QUEUE SCRAPERS WAITING TO LOAD’
22 QUEUE -GRADE CHECKER AND POREMAN’
23 QUEUE ‘WAITING TO COMPACT SOILS
24 COMBI -COMPACT SOIL’ SET 5 PRE 10 12 POL 12 13
25 QUEUE -COMPACTION EQUIPMENT
26 QUEUE - PINISHED COMPACTED SOIL’
27 PONCTION COUNTER QUANTITY 25 POL 8 
DURATION INPUT
S E T l 1.09 
S E T 2 .90 
SET 3 .45 
SET 4  .70 
SETS .57
RESOURCE INPUT 
30000 -SOIL AVAILABLE’ AT 1
2  -PUSH-CAT AT 2 PDC 150
1 ’GRADE-CHECKER POREMAN ’ AT 9 PDC 103 
7 -63IE SCRAPERS’ A T 8 PDC 150
2 -BLADE 825C COMPACTOR WATER PULL’ A T 12 PDC 345  
ENDDATA
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SIMULATION SYNTAX FOR 1,600 FEET HAUL
NETWORK FILE 
NAME SCRAPER LENGTH 1600 CYCLE 1000 
NETWORK INPUT
1 QUEUE‘READY TO LOAD AVAILABLE SOIL’
2 QUEUE ‘D-9N PUSH-CAT’
3 COMBI ‘LOAD 63 IE SCRAPERS’ SET 1 PRE 1 2 8 POL 2 4
4 NORMAL‘ SCRAPERHAUL’ SET 2 POL 5
5 QUEUE ‘WAITING TO SPREAD SOIL’
6 COMBI ‘SPREAD SOIL’ SET 3 PRE 5 9 POL 9 7 10
7 NORMAL‘63 IE SCRAPER RETURN’ SET 4 POL 14
8 QUEUE ‘SCRAPERS WAITING TO LOAD’
9 QUEUE ‘GRADE CHECKER AND FOREMAN’
10 QUEUE ‘WAITING TO COMPACT SOILS
11 COMBI COMPACT SOIL’ SET 5 PRE 10 12 POL 12 13
12 QUEUE COMPACTION EQUIPMENT’
13 QUEUE ‘ FINISHED COMPACTED SOIL’
14 FUNCTION COUNTER QUANTITY 25 POL 8 
DURATION INPUT
SET 1 1.09 
SET 2 1.81 
SET 3 .45 
SET 4 1.51 
SET 5 .57
RESOURCE INPUT 
30000 SOIL AVAILABLE’ AT I 
2 PUSH-CAT’ AT 2 FIX 150 
1 GRADE-CHECKER, FOREMAN’ AT 9 FIX 103 
8 ‘63 IE SCRAPERS’ AT 8 FIX 150
1 BLADE 825C COMPACTOR, WATER PULL’ AT 12 FIX 345 
ENDDATA
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SIMULATION SYNTAX FOR 2,263 FEET HAUL
NETWORK FILE 
NAME SCRAPER LENGTH 2263 CYCLE 1000 
NETWORK INPUT
1 QUEUE ‘READY TO LOAD AVAILABLE SOIL’
2 QUEUE ‘D-9N PUSH-CAr
3 COMBI ‘LOAD 63 IE SCRAPERS’ SET I PRE 1 2 8 POL 2 4
4  NORMAL ‘ SCRAPER HAUL’ SET 2  POL 5
5 QUEUE ‘WATTING TO SPREAD SOIL’
6 COMBI ‘SPREAD SOIL’ SET 3 PRE 5 9 POL 9 7 10
7 NORM AL‘63 IE SCRAPER RETURPT SET 4  POL 14
8 QUEUE SCRAPERS WAITING TO LOAD’
9 QUEUE GRADE CHECKER A N D  FOREMAN’
10 QUEUE WAITING TO COMPACT SOILS
11 COMBI COMPACT SOIL’ SET 5 PRE 10 12 POL 12 13
12 QUEUE ’COMPACTION EQUIPMENT
13 QUEUE ‘ FINISHED COMPACTED SOIL’
14 FUNCTION COUNTER QUANTITY 25 FOL 8 
DURATION INPUT
S E T l 1.09 
SET 2  237 
SET 3 .45 
SET 4  2.14 
SET 5 .57
RESOURCE INPUT 
30000 SOIL AVAILABLE’ AT 1 
2 ‘PUSH-CAT AT 2  PDC 150 
1 ‘GRADE-CHECKER, FOREMAN’ AT 9  PDC 103 
12 ‘63 IE SCRAPERS’ AT 8 FIX 150
1 ‘BLADE 825C COMPACTOR, WATER PULL’ AT 12 FDC 345 
ENDDATA
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busy on 3 scrapers and 1 pushcat on 800 foot haul
PROCESS: SCRAPERS 0% 100%
LNO % Busy
3 Load 0-9N pushcat 99.91
4 Haul 631E scrapers 82.58
6 Spread 41.39
7 Return 631E scrapers 69.81
11 Compact soil 52.42
% Busy on 6  scrapers and 2 pushcat on 800 foot haul
PROCESS: SCRAPERS 0% 100%
LNO % Busy
3 Load D-9N pushcat 100.6
4 Haul 631E scrapers 100.35
6 Spread 82.64
7 Return 631E scrapers 100.00
11 Compact soil 99.57
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Simulator Report # 1 
Cycle Monitoring three scraper spread
Descrintion Label T-now Counter
LOAD 63IE SCRAPER 3 1.1 I
HAUL SOIL 4 2.0 I
LOAD 63IE SCRAPER 3 2.2 2
SPREAD SOIL 6 2.4 I
COMPACT SOIL II 3.0 I
HAUL SOIL 4 3.1 2
631E SCRAPER RETURN 7 3.2 I
LOAD 63IE SCRAPER 3 3.3 3
SPREAD SOIL 6 3.5 2
COMPACT SOIL II 4.1 2
HAUL SOIL 4 4.2 3
63IE SCRAPER RETURN 7 4.3 2
LOAD 63IE SCRAPER 3 4.4 4
SPREAD SOIL 6 4.6 3
COMPACT SOIL II 5.2 3
HAUL SOIL 4 5.3 4
631E SCRAPER RETURN 7 5.4 3
LOAD 63 IE SCRAPER 3 5.4 5
SPREAD SOIL 6 5.7 4
COMPACT SOIL II 6.3 4
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(Continued)
HAUL SOIL 4 6.3 5
63IE SCRAPER RETURN 7 6.5 4
LOAD 63IE SCRAPER 3 6.5 6
SPREAD SOIL 6 6.8 5
COMPACT SOIL 11 7.4 5
HAUL SOIL 4 7.4 6
63IE SCRAPER RETURN 7 7.6 5
LOAD 63 IE SCRAPER 3 7.6 7
SPREAD SOIL 6 7.9 6
COMPACT SOIL 11 8.5 6
HAUL SOIL 4 8.5 7
63 IE SCRAPER RETURN 7 8.7 6
LOAD 63IE SCRAPER 3 8.7 8
SPREAD SOIL 6 9.0 7
COMPACT SOIL 11 9.6 7
HAUL SOIL 4 9.6 8
63IE SCRAPER RETURN 7 9.7 7
LOAD 63IE SCRAPER 3 9.8 9
SPREAD SOIL 6 lO.l 8
COMPACT SOIL 11 10.6 8
HAUL SOIL 4 10.7 9
631E SCRAPER RETURN 7 10.8 8
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(Continued)
LOAD 63IE SCRAPER 3 10.9 10
SPREAD SOIL 6 11.2 9
COMPACT SOIL 11 11.7 9
HAUL SOIL 4 11.8 10
631E SCRAPER RETURN 7 11.9 9
LOAD 63IE SCRAPER 3 12.0 11
SPREAD SOIL 6 12.3 10
COMPACT SOIL 11 12.8 10
HAUL SOIL 4 12.9 11
63IE SCRAPER RETURN 7 13.0 10
LOAD 63IE SCRAPER 3 13.1 12
SPREAD SOIL 6 13.3 11
COMPACT SOIL 11 13.9 11
HAUL SOIL 4 14.0 12
631E SCRAPER RETURN 7 14.1 11
LOAD 63 IE SCRAPER 3 14.2 13
SPREAD SOIL 6 14.4 12
COMPACT SOIL 11 15.0 12
HAUL SOIL 4 15.1 13
63 IE SCRAPER RETURN 7 15JZ 12
LOAD 63IE SCRAPER 3 15.3 14
SPREAD SOIL 6 15.5 13
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(Continued)
COMPACT SOIL 11 16.1 13
HAUL SOIL 4 16.2 14
63IE SCRAPER RETURN 7 16.3 13
LOAD 63IE SCRAPER 3 16.4 15
SPREAD SOIL 6 16.6 14
COMPACT SOIL 11 17.2 14
HAUL SOIL 4 17.3 15
63 IE SCRAPER RETURN 7 17.4 14
LOAD 63IE SCRAPER 3 17.4 16
SPREAD SOIL 6 17.7 15
COMPACT SOIL 11 18.3 15
HAUL SOIL 4 18.3 16
63 IE SCRAPER RETURN 7 18.5 15
LOAD 63IE SCRAPER 3 18.5 17
SPREAD SOIL 6 18.8 16
COMPACT SOIL 11 19.4 16
HAUL SOIL 4 19.4 17
631E SCRAPER RETURN 7 19.5 16
LOAD 63IE SCRAPER 3 19.6 18
SPREAD SOIL 6 19.9 17
COMPACT SOIL 11 20.5 17
HAUL SOIL 4 20.5 18
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(Continued)
63IE SCRAPER RETURN 7 20.6 17
LOAD 63IE SCRAPER 3 20.7 19
SPREAD SOIL 6 21.0 18
COMPACT SOIL 11 21.5 18
HAUL SOIL 4 21.6 19
63 IE SCRAPER RETURN 7 21.7 18
LOAD 63IE SCRAPER 3 21.8 20
SPREAD SOIL 6 22.1 19
COMPACT SOIL 11 22.6 19
HAUL SOIL 4 22.7 20
631E SCRAPER RETURN 7 22.8 19
LOAD 63IE SCRAPER 3 22.9 21
SPREAD SOIL 6 23.1 20
COMPACT SOIL 11 23.7 20
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Simulator Report # 2 
Cycle production one push-cat
Simulation time____________ Cycle Number_____________ Productivity (units / hour)
3.2 1 468.7500
4.3 2 699.3007
5.4 3 836.4312
6.5 4 927.3571
7.6 5 992.0635
8.7 6 1040.4624
9.7 7 1078.0287
10.8 8 1108.0332
11.9 9 1132.5503
13.0 10 1152.9592
14.1 11 1170.2128
15.2 12 1184.9901
16.3 13 1197.7887
17.4 14 1208.9810
18.5 15 1218.8517
19.5 16 1227.6216
20.6 17 1235.4652
21.7 18 1242.5219
22.8 19 1248.9045
23.9 20 1254.7052
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Continued)
25.0 21 1260.000
26.1 22 1264.8524
27.2 23 1269.3157
28.3 24 1273.4347
29.4 25 1277.2479
30.5 26 1280.7881
31.5 27 1284.0836
32.6 28 1287.1591
33.7 29 1290.0355
34.8 30 1292.73.19
35.9 31 1295.2645
37.0 32 1297.6479
38.1 33 1299.8949
39.2 34 1302.0170
40.3 35 1304.0239
41.4 36 1305.9250
42.5 37 1307.7286
43.6 38 1309.4418
44.7 39 1311.0713
45.7 40 1312.6230
46.8 41 1314.1025
47.9 42 1315.5148
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(Continued)
49.0 43 1316.8640
50.1 44 1318.1545
51.2 45 1319.3901
52.3 46 1320.5742
53.4 47 1321.7098
54.5 48 1322.7999
55.6 49 1323.8473
56.7 50 1324.8542
57.7 51 1325.8232
58.8 52 1326.7562
59.9 53 1327.6553
61.0 54 1328.5220
62.1 55 1329.3585
63.2 56 1330.1661
64.3 57 1330.9462
65.4 58 1331.7006
66.5 59 1332.4297
67.6 60 1333.1357
68.7 61 1333.8192
69.7 62 1334.4816
70.8 63 1335.1230
71.9 64 1335.7454
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(Continued)
73.0 65 1336.3491
74.0 66 1336.9348
75.1 67 1337.5038
76.2 68 1338.0564
77.3 69 1338.5934
78.4 70 1338.1154
79.5 71 1339.6233
80.6 72 1340.1173
81.7 73 1340.5983
82.8 74 1341.0664
83.9 75 1341.5225
84.9 76 1341.9668
86.0 77 1342.3998
87.1 78 1342.8220
88.2 79 1343.2339
89.3 80 1343.6356
90.4 81 1344.0276
91.5 82 1344.4104
92.6 83 1344.7841
93.7 84 1345.1492
94.8 85 1345.5057
95.8 86 1345.8542
96.9 87 1346.1948
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(Continued)
98.0 88 1346.5280
99.1 89 1346.8536
100.2 90 1347.1722
101.3 91 1347.4841
102.4 92 1347.7892
103.5 93 1348.0879
104.6 94 1348.3804
105.7 95 1348.6669
106.7 96 1348.9474
107.8 97 1349.2224
108.9 98 1349.4917
110.0 99 1349.7559
111.1 100 1350.0146
112.2 101 1350.2686
113.3 102 1350.5187
114.4 103 1350.7629
115.5 104 1351.0026
116.6 105 1351.2378
117.7 106 1351.4685
118.7 107 1351.69.51
119.8 108 1351.9175
120.9 109 1352.1359
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(Continued)
122.0 110 1352.3503
123.1 111 1352.5610
124.2 112 1352.7682
125.3 113 1352.9716
126.4 114 1353.1714
127.5 115 1353.3679
128.5 116 1353.5610
129.6 117 1353.7510
130.7 118 1353.9377
131.8 119 1354.1213
132.9 120 1354.3019
134.0 121 1354.4796
135.1 122 1354.6544
136.2 123 1354.8265
137.3 124 1354.9957
138.4 125 1355.1624
139.4 126 1355.3264
140.5 127 1355.4889
141.6 128 1355.6478
142.7 129 1355.8044
143.8 130 1355.9586
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144.9 131 1356.1105
146.0 132 1356.2600
147.1 133 1356.4075
148.2 134 1356.5527
149.3 135 1356.6957
150.4 136 1356.8368
151.5 137 1356.9758
152.6 138 1357.1128
153.7 139 1357.2478
154.7 140 1357.3810
155.8 141 1357.5122
156.9 142 1357.6417
158.0 143 1357.7693
159.1 144 1357.8953
160.2 145 1358.0195
161.2 146 1358.1421
162.3 147 1358.2629
163.4 148 1358.3822
164.5 149 1358.4999
165.6 150 1358.6161
166.7 151 1358.7306
167.8 152 1358.8439
168.9 153 1358.9556
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(Continued)
170.0 154 1359.0658
171.1 155 1359.1754
172.1 156 1359.2828
173.2 157 1359.3890
174.3 158 1359.4937
175.4 159 1359.5972
176.5 160 1359.6995
177.6 161 1359.8004
178.7 162 1359.9000
179.8 163 1359.9985
180.9 164 1360.0959
182.0 165 1360.1921
183.0 166 1360.2870
184.1 167 1360.3809
185.3 168 1360.4738
186.4 169 1360.5654
187.4 170 1360.6560
188.5 171 1360.7456
189.6 172 1360.8341
191.8 173 1360.9218
191.8 174 1361.0082
192.9 175 1361.0938
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193.9 176 1361.1782
195.0 177 1361.2621
196.1 178 1361.3448
197.2 179 1361.4265
198.3 180 1361.5074
199.4 181 1361.5875
200.5 182 1361.6674
201.6 183 1361.7456
202.7 184 1361.8231
203.8 185 1361.8997
204.8 186 1361.9755
205.9 187 1362.0505
207.0 188 1362.1248
208.1 189 1362.1981
209.2 190 1362.2709
210.3 191 1362.3428
211.4 192 1362.4139
212.5 193 1362.4844
213.6 194 1362.5541
214.7 195 1362.6232
215.7 196 1362.6915
216.8 197 1362.7592
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(Continued)
217.9 198 1362.8260
219.0 199 1362.8923
220.1 200 1362.9580
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
REFERENCES
Caterpillar Performance Handbook. 28 ed. Illinois, U.S.A. Caterpillar Inc 1997,
Christian, J. and Caldera, H. Earthmoving Cost Optimization by Operational Research. 
Canadian J. Civil Engineering, 1988.
Easa, Said M. Earthwork Allocations with Linear Unit Costs. ASCE J. Construction 
Engineering and Management, 1988.
Halpin, D. Micro-Cvclone Simulator. Purdue University, Indiana; 1990.
Jayawardane A. K. W. and Harris, F. C. Further Development o f Integer Programming in 
Earthwork Optimization. Construction Engineering and Management, 1990.
Jayawardane A. K. W. and Price A. D .F. A New Approach for Optimizing Earthmoving 
Operations. Part I and 2. Proc. Insm Civ. Engrs transp., 1994.
Scharge, L. Users Manual for LINDO. Palo Alto, Calififomia; Scientific Press, 1982.
75
R e p ro d u c e d  with p e rm iss ion  of th e  copyrigh t ow ner.  F u r th e r  rep roduction  prohibited w ithout perm iss ion .
VITA
Graduate College 
University o f Nevada, Las Vegas 
Donald S. Myers
Home Address:
320 Brookshire St.
Henderson, NV 89015
Degrees:
Associate of Science, Construction Management, 1998 
Bachelor of Science, Construction Management, 2000
Special Honors and awards:
Dean’s list (2)
Phi Theta Kappa Honor Society 
Golden Key National Honor Society
Portland Cement Association -Contractor of the Year Award, California 
Professional:
Licensed General Ei^ineering Contractor -Arizona, California, & Nevada 
Licensed Concrete Contractor, California 
Licensed Masonry Contractor, California
Thesis Title:
Determination o f Mass excavation Haul Distance and Direction 
by Linear Optimization
Thesis Examination Committee:
Chairperson, Dr. Jaecho Son, Ph.D.
Committee Member, Dr. Gerald Frederick, Ph.D.
Committee Member, Neil Opffer, M S.
Graduate Faculty Representative, Dr. Samsr Moujaes, Ph.D.
76
R e p ro d u c e d  with p e rm iss ion  of th e  copyrigh t ow ner.  F u r th e r  rep roduction  prohibited w ithout perm iss ion .
